, Tokyo 154, J a p a n ABSTRACT: Growth and grazing rates of a naked heterotrophic dinoflagellate. Gyrodiniurn dorninans [equivalent sphencal diameter (ESD) = ca 20 pm], were examined in batch cultures. Strains isolated from the Seto Inland Sea (Hanma strain) and Tokyo Bay (Tokyo strain) in Japan were used for the expenments. Both strains grew well when fed amorphous materials (such as bactenal flocs wlth attached nanoflagellates and aggregates of a small diatom) and plankton species with ESD of 15 to 26 pm The Tokyo strain also grew rapidly when fed small (ca 5 pm) phytoplankton species at levels higher than 1 X 105 ml-l However, rates of ingestion of Nephrosehis aff, rotunda (ESD = 4.5 pm) by the Tokyo s t r a~n were too low to sustaln rapid growth of G. domnans at natural levels of small (2 to 8 pm) flagellate abundance (<3 X 10'' ml-l) Ingestion of Heterocapsa triquetra (ESD = 15 3 pm) followed M~chaelis-Menten kinetics with half-saturation constants of 820 and 180 ml-' and maximum ingestion rates of 0 82 and 0 59 prey predator-' h -' for the Harima and Tokyo strains, respectively. The clearance rates of both strains feeding on H. triquetra were about 2 orders of magnitude higher than those for N aff rotunda. These results indicate that G , dorninans can play a n important role in the decline of red tides caused by large (> 15 pm) nanoflagellates such as Gyrnnodinium rnlkirnotoi.
INTRODUCTION
The importance of grazing by microzooplankton (20 to 200 pm in size) on autotrophic and heterotrophic production has been discussed recently (e.g. Anderson 1988 , Capriulo 1990 ). In some systems, microzooplankton herbivory could be more than 1 order of magnitude greater than copepod herbivory (Burhll et al. 1993) . The major components of microzooplankton populations are planktonic cihates and heterotrophic dinoflagellates. The trophic roles of chates have been studied extensively with special emphasis on their roles in the 'microbial loop ' (e.g. Bernard & Rassoulzadegan 1990 , Verity 1991 . However, although ecological information about heterotrophic dinoflagellates is now increasing (e.g. Lessard & Swift 1985 , Goldman et al. 1989 , Hansen 1991 , 1992 , Strom 1991 , Nakamura et al. 1992 , Jacobson & Anderson 1993 , Strom & Buskey 1993 , Verity et al. 1993 , studies of this group with respect to abundance, succession, grazing and growth are still sparse in comparison with those on ciliates. Since the biomass of heterotrophic dinoflagellates is comparable to or in some cases exceeds that of ciliates in many planktonic ecosystems (Lessard 1991) , trophic roles of this group should be evaluated in greater detail for a more complete understanding of carbon flow through microzooplankton populations.
Gyrodinium dominans Hulburt [equivalent spherical diameter (ESD) = ca 20 pm] is one of the most abundant heterotrophic dinoflagellates in the Seto Inland Sea (eutrophic) and Tokyo Bay (hypertrophic), Japan (H. Takayama & M. Sato pers. cornm.). The abundance of t h s species sometimes exceeds 100 ml-' just after red tides of Gymnodinium mikimotoi (ESD = ca 15 pm) in the Seto Inland Sea (H. Takayama pers. comm.). Furthermore, during the period when abundance of small (2 to 8 pm) heterotrophic nanoflagellates (HNF) was rapidly decreasing in the Seto Inland Sea, 'G. dominans-like particles' were very often observed with epifluorescent microscopy of DAPI-stained seawater samples (Nakamura et al. 1994 ; not enumerated). These observations suggest that G. dominans is a potential predator for small ( c 8 pm) as well as large ( > l 5 pm) nanoflagellates. Thus, there is a clear need to examine what kind of food G. dominans prefers and how fast it ingests prey and grows when supplied with different food concentrations. To these ends, we have established clonal cultures of G. dominans from the Seto Inland Sea and Tokyo Bay, and report here their growth and grazing rates under controlled conditions.
MATERIALS AND METHODS
Isolation and culture of Gyrodinium dominans. Clonal cultures of G. dominans were established by isolating a single cell from the surface seawater of Harima-nada, the Seto Inland Sea (Harima strain) and Tokyo Bay (Tokyo strain). The water temperatures of these sites during sampling were 25°C for the Harima strain and 23°C for the Tokyo strain. The Tokyo strain was kept in f/2 medium (Guillard & Ryther 1962) with Thalassiosira sp. (see Table 1 ) as food. The Harima strain was initially maintained in 10 m1 of N,P-reduced f/2 medium (NO3-= 100 PM, P043-= 7 pM; henceforth f ' medium) plus 0.5 m1 of STP medium (= dissolved organic C/N source; Provasoli et al. 1957 ) with Nephroselmis aff. rotunda (>105 ml-'; see Table l) , HNF (> 104 ml-l; species not identified, see Table 1 ) and bacteria (rod, >107 ml-l). The Harima strain fed on the bacterial flocs with attached algae and HNF which were formed in this 'medium' (henceforth P medium). Later, the Harima strain was kept in f/2 medium with Thalassiosira sp. as the Tokyo strain. Potential growth rate and food source experiments (below) for the Harima strain were conducted using cells grown in P medium. In other experiments, cells grown in f/2 with Thalassiosira sp, were used. All cultures for both maintenance and experiments were kept in borosilicate test tubes (18 X 180 mm) at 24 * 1°C with ca 100 pE m-* S-' under a 12 h light: 12 h dark cycle. Ingestion experiments (see below) were conducted during the light period. Cultures were rotated on a plankton wheel at 1 rpm during the experiments of ingestion and growth dynamics as a function of prey concentration (see below) Otherwise, the cultures were not agitated.
Basic characteristics of Gyrodinium dominans. Species identifications of the Harima and Tokyo strains was conducted by H. Takayama under light microscope and SEM observations. Cells of the Harima and Tokyo strains in late exponential phase were 33.4 * 4.2 (n = 50) and 31.0 + 2.5 pm (n = 50) in length and 4.8 X 103 and 4.0 X 103 pm3 in volume, respectively. Epifluorescent microscope observations of the 2 strains clearly ruled out the presence of chloroplasts. In addition, intact cells of the Harima strain fluoresced bright green under blue light excitation while the Tokyo strain did not.
Both strains captured prey using a tow filament and prey was ingested through the flexible sulcas as Hansen (1992) observed in 3 Gyrodinium species.
In a previous study (Nakamura et al. 1992) , we examined the growth and grazing of Gyrodinium 'dominans' (strain Gyro) feeding on the large prey Chattonella antiqua (see Table 1 ). Although the shape of strain Gyro was identical to the original description of G. dominans (H. Inoue pers. comm.), Gyro (ca 60 pm) was much longer than the original description (18 to 43 pm). Unfortunately, the strain Gyro culture died 2 yr ago for uncertain reasons and SEM observations were not made. It is plausible that strain Gyro belonged to another species (H. Takayama pers. comm.).
Potential growth rate determination. Thirty-five tubes with P medium (1 1.6 ml) or f/2 plus Thalassiosira sp. (11 ml, ca 1 X 105 ml-l) were prepared. A 0.5 m1 volume of the maintenance culture of the Harima or Tokyo strain was inoculated into the tubes of P medium or f/2 plus Thalassiosira sp., respectively. Five tubes were taken daily and cell concentrations of Gyrodiniunl dominans were counted: samples were taken from each tube and 50 p1 of polyethylene oxide in filtered seawater (l %) was added to the sample (2 ml) to slow down the movement of G. dominans (Spoon et al. 1977) . Then 1 m1 of the sample was counted in a Sedgewick-Rafter chamber under a light microscope. Growth rates were estimated as the slope of the linear portion of In (Gyrodinium ml-l) regressed against time.
Growth experiments using different food sources. A set of experiments was conducted to determine the range of plankton species that would support growth of Gyrodinium dominans. Eighteen species of phytoplankton in 7 classes, 1 strain of bacteria and 1 strain of HNF with bacteria (see Table 1 ) were offered. The linear dimensions (length and width) of the prey cells were measured under microscopes, and cell volumes were calculated assuming simple geometric forms. For bacteria, Synechococcus sp. and HNF, cells were fixed, stained with DAPI (except for Synechococcus sp.), and observed under an epifluorescent microscope. For other prey, the linear dimensions of intact cells were measured under a light microscope. When phytoplankton species were the prey, 1 rnl of a dense culture of each species grown in f/2 was added to 10 m1 of f ' medium in test tubes. Ten cells of G. dominans washed 5 times in f ' were then introduced to each tube by micropipet and incubated for 4 or 5 d. Our preliminary experiments showed that washing and isolation of the dinoflagellates did not affect their viability. After each incubation, G. dorninans cells were counted as described above and the growth rate (p) calculated as p = In (Nf/N,)/T, where Tis the incubation time and Ni (= 0.91 m -' ) and N, the initial and final concentrations of G. dominans, respectively. When bacteria was offered as prey, 'STP + f " medium was prepared by adding 0.5 m1 of STP medium to 10 m1 of f ' medium, and 0.2 m1 of stock bacterial cultures was added. Then 10 cells of pre-washed G. dominans were inoculated to each tube, incubated and counted as above. In cases where HNF plus bacteria were the prey, HNF were precultured in STP+fn medium for 2 d (HNF concentrations reached over 105 ml-l). Then 10 cells of prewashed G. dorninans were introduced and their growth was followed as above. We also checked for the possibility of osmotrophic growth: 2 cells of G. dominans washed 7 times in f ' were introduced to 10.5 m1 of STP+f' medium and incubated for 7 d. For each experiment, initial and final prey concentration were also determined.
For each prey, 3 to 10 tubes were used in each experiment and 2 to 4 independent experiments were conducted. In all experiments, growth of Gyrodinium dominans in P medium for the Harima strain or in f ' with Thalassiosira sp. for the Tokyo strain was examined as a control.
Ingestion experiments. Rates of ingestion of Nephroselmis af f. rotunda and Heterocapsa triquetra by Gyrodinium dominans were estimated by counting the number of ingested prey cells inside the predator cells after a known period of time (cf. Hansen 1992) . Before determining the ingestion rates as a function of prey concentrations, we monitored the time course of ingestion. Twice-washed G. dominans were introduced by micropipet into 10 test tubes with f ' medium (10 ml) to a final concentration of ca 30 ml-'. N. aff. rotunda or H. triquetra were then added to each tube at concentrations of 1.5 X 105 or 3.5 X 103 ml-l, respectively. The heterotrophic dinoflagellates were allowed to ingest N. aff. rotunda for 0.5, 1 and 2 h or H. tnquetra for 1, 2 and 3 h and were then fixed in glutaraldehyde (EM grade, final concentration 1 %). For each sampling period, 3 tubes were taken and 1 tube was used as a '0-time' sample. The fixed samples were stained with DAPI (final concentration 1 pg rnl-l) and then filtered (vacuum pressure <l00 mm Hg) onto 0.8 p n pore-size black Nuclepore filters (25 mm diameter). These filters were observed with a Nikon epifluorescent microscope under UV or blue-light excitation (Nakamura et al. 1994 ) at a magnification of x500. The number of vacuoles originating from N. aff, rotunda or H. triquetra inside each G. dominans cell was enumerated by monitoring the red autofluorescence of the vacuoles under blue-light excitation. At least 50 G. dominans Hansen (1992) stated that algae lose their autofluorescence very quickly upon ingestion, this was not the case for N. aff. rotunda and H. tnquetra ingested by G. dominans. The rates of ingestion of N. aff. rotunda and H. triquetra were constant during the first 1 or 2 h of incubation, respectively (Fig. 1) . Therefore, an incubation time of 1 h was subsequently used in the experiments to estimate ingestion rates as a function of prey cell concentrations (see below).
Twice-washed Gyrodinium domnans were introduced to 15 test tubes with f ' (10 ml) at a concentration of ca 40 m]-'. Nephroselmis aff. rotunda or Heterocapsa trjquetra were added at 5 different concentrations (3 replicate tubes at each concentration). The ranges of the prey concentrations tested were (0.1 to 11) X 104 ml-' for N. aff. rotunda and (0.04 to 6.2) X 103 ml-' for H. tnquetra. The heterotrophic dinoflagellates were allowed to ingest the prey for 1 h, then fixed, stained, filtered and observed under the epifluorescent microscope as described above. These experiments were repeated 3 times for each prey.
Rates of ingestion (I) of Heterocapsa tnquetra by the 2 Gyrodinium strains were fitted to the MichaelisMenten equation:
where I, , is the maximum ingestion rate, Kis the halfsaturation constant, and N,,,,, is the prey concentration.
Growth rate dependence on prey concentration. Fifteen tubes of f ' (10 ml) were prepared and 40 cells of Gyrodinium dominans which had been washed 4 times were introduced into each tube. Heterocapsa tn-quetra were then added as prey at 5 different concentrations l(0.04 to 3.9) X 103 rnl-'1 with 3 replicate tubes at each prey concentration. The tubes were incubated for 2 d and the final concentrations of G. domlnans and H. triquetra were enumerated as described in 'potential growth rate determination'. The growth rates of G. dominans were calculated assuming exponential growth during incubation (see 'Growth experiments using different food sources').
Ingestion (I) and growth rate (jz) data were interrelated by:
where GGE is the gross growth efficiency, and vprey and v,,,, are cell volumes of prey and predator, respectively. (Fig. 2) . Changes in G. dominans cell size were not Growth rates (with 95% confidence limits) of Gyroapparent during the exponential growth period but diniurn dominans in P medium and f/2 with Thalassmall cells of ca 20 pm in length appeared during the siosira sp. were 1.24 (1.17, 1.31) and 1.36 (1.28, 1.44) stationary and senescent period. However, the fraction Growth experiments using different food sources
RESULTS
Experiments on the growth of Gyrodinium dominans supplied with different food sources revealed some tendencies with respect to food utilization in the Harinla and Tokyo strains (Table 1) . First, both strains prefer amorphous materials such as bacterial flocs with attached flagellates formed in P medium and loose colonies of a small diatom (Thalassiosira sp.). Second, they are not osmotrophic and could not utilize picosized particles such as heterotrophic bacteria or Synechococcus sp. Third, chain forming diatoms (Skeletonema costatum, Chaetoceros sociale) and some dinoflagellates (Scnppsiella trochoidea, Prorocentrum micans) were not suitable food sources. Fourth, particles with ESD comparable to that of G. dominans (i.e. Heterocapsa triquetra, Gymnodiniun~ mikimotoi, Chattonella marina; ESD = 15 to 26 pm) served as good food sources. Fifth, G. dominans could not effectively utilize large particles with ESD 1.7 times larger than itself. These characteristics are common for both the Harima and Tokyo strains. However, significant strain differences were observed with respect to the utilization of particles less than 12 pm. When particles with ESD less than 12 pm were used as prey, the growth of the Harima strain was very poor. On the contrary, the growth rates of the Tokyo strain fed with particles with ESD of ca 5 pm were high and comparable to those for particles with ESD of ca 20 pm.
Ingestion
Rates of ingestion of Nephroselmis aff. rotunda (ESD = 4.5 pm) by the Tokyo strain increased linearly with prey concentration (Fig. 3A) and reached ca 3 prey predator-' h-' at a prey level of 1 X 10" ml-l. Volume specific clearance rate (VSC) is defined as:
where I is the ingestion rate, N,,,, is the prey concentration and vpred is the cell volume of predator VSC was independent of prey cell concentration and was about 6 X 103 h -' (Fig. 3B) .
Rates of ingestion of Heterocapsa triquetra (ESD = 15.3 pm) by the Tokyo and Harima strains increased hyperbolically with prey cell concentrations (Figs. 4A & 5A) and were fitted to Eq. (1). The calculated I,,,,, and K values were 0.59 prey predator-' h-' and 1.8 x 10' ml-', respectively, for the Tokyo strain and 0.82 prey predator-' h-' and 8.2 X 10' ml-l, respectively for the Harima strain. VSC decreased with prey concentrations (Figs. 4B & 5B) and was on the order of 10' h-'.
Growth rates as a function of prey cell concentrations
The growth rate of the Tokyo strain increased with prey concentration (Fig. 6 ). Negative growth was observed when the initial prey concentration (IN,,,,) was 36 r n -l . The growth rate was ca 0.5 d-' at IN,,,,, of 1 X 102 ml-' and reached a plateau (ca 0.8 d-l) at IN,,,,, higher than 4 X 102 ml-l.
DISCUSSION

Prey concentration (x104 ml-l)
The growth rates of Gyrodinium dominans feeding Finlay 1983 ), then the growth rate of Gyrodinium spirale (Hansen 1992) adjusted to 24°C would be 1.2 d-l, comparable to that for G. dominans. In the growth experiments using different food sources, the culture tubes were not rotated and even distribution of prey was not attained. Under non-agitated conditions, chain forming diatoms such as Skeletonema costatum and Chaetoceros sociale fell to the bottom of the experimental tubes and this might have made it impossible for G. dominans to catch the prey, leading to a poor growth of the predator (Table 1) .
Both strains of Gyrodinium dominans grew well when fed bacterial flocs with attached algae and HNF formed in P medium. In contrast, no growth was observed with 'HNF+bacteria' (Table 1) ial flocs with attached HNF were formed. This is probably because NH4+ regenerated by bacterivory of HNF caused toxic effects on G. dominans in the 'HNF+ bacteria' treatment while NH,' was taken up by the algae in the P medium. Large strain differences between the Harima and Tokyo strains of Gyrodinium dominans were observed with respect to suitable food sources: the former prefers particles with ESD of 15 to 26 pm while the latter grows well when feeding on particles with ESD of 5 pm as well as 15 to 26 pm (Table 1) . However, the clearance rates of the Tokyo strain feeding on Nephroselmis aff. rotunda (ESD = 4.5 pm; Fig 3B) are about 2 orders of magnitude lower than those for Heterocapsa triquetra (ESD = 15.3 pm; Fig. 4B ), indicating that the Tokyo strain utilizes the larger prey more effectively than the smaller one.
In Tokyo Bay, the abundance of small (2 to 8 pm) flagellates sometimes reaches 3 x 104 ml-' (Nakamura unpubl.) . At this level the calculated growth rate of the Tokyo strain by Eq. (2) assuming GGE of 0.6 (the highest value reported for heterotrophic dinoflagellates; Strom & Buskey 1993) would be 0.14 d-l, making it dif- Table 2 ). The KC values for the G. dominans strains fed Heterocapsa triquetra are lower or comparable to and the I'.,,, and VSC,,, values are higher or comparable to those for other species, indicating that G. dominas is a potential predator for large ( > l 5 pm) nanoflagellates.
The growth rate of a predator as a function of prey (phytoplankton) concentration is usually determined under &m light and at low predator concentration to minimize the changes in prey concentration during the experiment. We tried repeatedly to establish the above relationship under dim light (ca 5 pE m-2 S-', 24 h light: 0 h dark). However, the growth rates obtained were unusually low (<0.2 d-l), the prey (Heterocapsa triquetra) looked unhealthy and accumulated at the bottom of culture tubes. We also tried to culture under high-light (100 pE m-' S -' , 24 h light: 0 h dark) conditions but these experiments also failed: negative growth and unhealthy prey at the bottom. So we examined the relationship under 'usual' conditions (100 pE m-' S-', 12 h light:12 h dark). Under these conditions, the prey concentrations changed significantly (Fig. 6) , the prey were not distributed uniformly at night and thus the results obtained are somewhat qualitative. However, it should be noted that the Tokyo strain of Gyrodinium dominans grew at a rate of 0.5 d-' (ca 60% of the maximum) when the initial prey concentration was 1 X 10' ml-' (Fig. 6) . On the contrary, G. spirale fed H. triquetra could not sustain growth when the prey concentration was below 1 X lo3 ml-' (Hansen 1992) . Thus G. dominans seems to be adapted to lower prey concentration than G. spirale.
In the Seto Inland Sea, red tides of Gymnodinium mikimotoi (ESD = 16.8 pm) occur during the warm season and the decline of these red tides is often coupled to increases in the abundance of Gyrodinium dominans (Nakamura et al. 1995, H. Takayama pers. comm.) . Assuming that the rate of ingestion of G. mikimotoi by G. dominans is comparable to that of Heterocapsa triquetra (ESD = 15.3 pm) by the Harima strain, the grazing impact (d-') on the red tide population is A t Nprey of 5 X 102 ml-l a n d Npred of 10 to 30 ml-' (typical cell concentrations d u r i n g t h e r e d tide i n 1994; N a k a m u r a e t al. 1995), 15 to 4 5 % of t h e G. mikimotoi s t a n d i n g crop is grazed p e r day, indicating that G.
dominans plays important role in t h e d i s a p p e a r a n c e of G. mikimotoi r e d tides. In contrast, before t h e o u t b r e a k of G. mikimotoi, t h e a b u n d a n c e of particles with ESD a r o u n d 20 p m (mainly composed of G. mikimotoi a n d Chattonella marina) w a s c a 10 ml-' ( N a k a m u r a e t a l . 1995) a n d G. dominans d o e s not s e e m to sustain g r o w t h using s u c h particles alone. P e r h a p s G. dominans ingests a m o r p h o u s materials s u c h as bacterial flocs a n d organic a g g r e g a t e s to survive u n d e r unfavora b l e conditions.
